Introduction {#S0001}
============

Colorectal cancer is a common malignant tumor that threatens human health and life. The main reason for death is regarded to be poor prognosis and metastasis.[@CIT0001] At present, it is believed that the liver is the main target organ of hematogenous metastasis of colorectal cancer.[@CIT0002]--[@CIT0004]

Many efforts are being applied to prevent cancer; among these efforts is the use of natural products, which have become an important method of cancer prevention and treatment that are accessible, safe, and broadly accepted.[@CIT0005],[@CIT0006] Inositol hexaphosphate (IP6) is a natural ingredient that can be found in almost all grains and legumes.[@CIT0007] Both in vivo and in vitro experiments provide convincing evidence for the anticancer effect of IP6 on colorectal cancer.[@CIT0008]--[@CIT0010] Inositol (INS) is the molecular skeleton of IP6, a carbohydrate and the precursor of phosphorylated compounds.[@CIT0011] A number of in vitro and in vivo studies have shown that IP6 and INS have independent anti-tumor effects. However, the combination of IP6 and INS has a better effect than that of IP6 or INS alone.[@CIT0011]--[@CIT0013]

Wnt signaling pathway is one of the most important signal pathways in cancer.[@CIT0014] A number of studies have provided evidence that the mutation or abnormal expression of various components in the Wnt pathway is closely related to the progression of human malignant tumors, and gene mutations in the key components of the Wnt pathway occurred in more than 90% of colorectal cancer cases.[@CIT0015],[@CIT0016] Wnt signaling pathway regulates a variety of biological and developmental processes through multiple branches, among them the classical Wnt/ β-catenin pathway is a very important branch.[@CIT0017],[@CIT0018] In vivo and in vitro studies have found that the activation of Wnt/ β-catenin pathway plays a direct role in the development of colorectal cancer.[@CIT0019],[@CIT0020] Moreover, the mutation or abnormal expression of various parts of Wnt pathway is closely related to the growth of advanced colorectal cancer.[@CIT0021] A study found that Wnt signaling pathway was abnormally regulated in colorectal cancer patients with liver metastasis through whole genomics.[@CIT0022] In vivo and in vitro studies also found that transduction of the Wnt signaling pathway would be interfered when wnt and c-myc abnormally expressed in the pathway, thus inhibited metastasis of colorectal cancer.

IP6 and INS have been found to inhibit tumor progression by regulating the abnormally expressed genes on Wnt signaling pathway in animals with colorectal cancer. IP6, extracted from rice bran, has been found to inhibit the expression of β-catenin in rats with colon cancer induced by azomethane (AOM).[@CIT0023] In another study of rat model with colitis induced by DSS, INS was found to inhibit the mutation of Wnt transduction by downregulating the β-catenin expression.[@CIT0024]

In our previous studies, IP6 was also found to inhibit the colorectal cancer development by downregulating the expression of β-catenin and c-Myc in the Wnt signaling pathway in a rat model of colorectal cancer induced by 1, 2-dimethylhydrazine (DMH).[@CIT0025] Furthermore, another study in our laboratory established a BALB/c mouse model of colorectal cancer with liver metastasis by injecting the cell line into spleen; results showed that colorectal cancer with liver metastasis could be inhibited in this model when IP6 is combined with INS.[@CIT0026] This model mimics the vascular diffusion process of colorectal cancer; this process is a characteristic of colorectal cancer with liver metastasis.

Materials and Methods {#S0002}
=====================

Main Reagents {#S0002-S2001}
-------------

Phytic acid sodium salt hydrate was purchased from Macklin Biochemical (Shanghai, China). Inositol was purchased from Yuanye Biochemical (Shanghai, China). D-Luciferin Potassium Salt was purchased from Solarbio Science & Technology (Beijing, China). In addition, AIN 93M was purchased from Trophic Animal Feed High-tech (Nanjing, China) and TRIzol reagent was obtained from Tiangen Biotech (Beijing, China). Further, PrimeScript™ RT reagent Kit with gDNA Eraser and SYBR^®^ Premix Ex Taq™ II (Tli RNaseH Plus) was purchased from Takara Biomedical Technology (Beijing, China) and reagents used in Western blot analysis were purchased from Wuhan Sanying Biotech (Wuhan, China).

Cells and Cell Culture {#S0002-S2002}
----------------------

The CT26 mouse colorectal tumor cell line was purchased from the Shanghai Cell Bank (Chinese Academy of Sciences). We also transfected the CT26 cells with green fluorescent proteins (GFP) and a firefly luciferase (LUC)-expressing reporter, which was marked as CT26_LUC. The new cells were cultured under standard cell culture conditions in an RPMI 1640 medium, containing 10% serum at 37°C in a humidified atmosphere with 5% CO~2~.

Animals {#S0002-S2003}
-------

A total of 120 male 6-week-old BALB/c mice purchased from Shandong Pengyue Pharmaceutical Co., Ltd. (Qingdao, China) were raised in an adequately ventilated animal room with a reversed 12-hour-light/dark-cycle. The animal room was maintained at a relative humidity around 52 ± 8% and a temperature around 24 ± 2°C, monitored by an automatic controller. The mice were supplied with AIN93M standard and regular drinking water before they were euthanized. All animal experiments in this study were conducted in strict accordance with the recommendations of the medical ethics committee of Qingdao University Medical College (reference no. QYFYWZLL 25667).

Cell Transfection {#S0002-S2004}
-----------------

CT26 cells were cultured under standard cell culture conditions in RPMI 1640 medium containing 10% serum at 37°C in a humidified atmosphere with 5% CO~2~. The cells were then transfected with the lentiviral vector product with the expression of GFP and luciferase (LUC) was obtained from the previous experiment. The cells with solid and high luciferase reporter expression were selected by purocmycin treatment for 2 weeks and denominated as CT-26-luc. The CT-26-luc cells were cultured using routine protocols.

Orthotopic Mouse Model Establishment of CRC with Liver Metastasis {#S0002-S2005}
-----------------------------------------------------------------

After adaptive feeding for one week, 100 of the 120 mice were randomly distributed into the treatment groups and were prepared to establish the mouse model of colorectal cancer with liver metastasis using the orthotopic operation approach. The other 20 mice were not operated upon. The CT-26-luc cells were detached with 0.25% Trypsin-EDTA. A total of 1 × 10^6^ cells were washed and re-suspended in 1 mL PBS for the operation.

One hundred mice were anesthetized through intraperitoneal injection with 0.1% pentobarbital sodium (80 mg/kg of body weight) before the operation. The mice were fixed in a supine position after deep anesthesia. The left lower abdomen was disinfected. A longitudinal incision of approximately 1.5 cm was made at the operation site to expose the cecum. The cecum was gently pressed with a tweezer handle to squeeze feces from the cecum into the distal colon, and 0.2 mL of the cell suspension was injected using a 4-gauge needle under the serosa of the cecum. The contents were carefully ejected, and the injection point was gently pressed for 2 min with a cotton ball after the injection. If there was no liquid extravasation, the cecum was returned to its original position in the abdomen. The abdominal wound was closed layer by layer.

The mice were closely observed after the surgery. Pentobarbital sodium (0.1%, 80 mg/kg of body weight) and D-luciferin-potassium salt (150 mg/kg of body weight) were injected intraperitoneally about 10 min prior, and in vivo bioluminescence imaging was performed 3--4 weeks after the operation when tumors started forming in the model mice. Based on the results of in vivo bioluminescence imaging, the mice-bearing tumors were regarded as a CRC liver metastasis model.

In vivo Bioluminescence Imaging {#S0002-S2006}
-------------------------------

The in vivo bioluminescence imaging method was used to detect tumor development and metastasis after the operation. D-Luciferin (150 mg/kg of body weight) and 0.1% pentobarbital sodium (80 mg/kg of body weight) were injected intraperitoneally into each mouse. The mice were fixed, and bioluminescence was detected and measured around 5 min later using the PerkinElmer IVIS Spectrum Imaging System. Living Image Software (Xenogen, PerkinElmer, and Waltham, Massachusetts, USA) was used to quantify the total flux (photons/second) uniformly sized regions of interest (ROI). Bioluminescence lasted for 30 min at about 5-min intervals. The highest number of photons/s for each mouse calculated over this time was used to determine bioluminescence.

Groups and Treatments {#S0002-S2007}
---------------------

Three weeks after the surgery, 48 of the tumor-bearing mice were distributed randomly, according to body weight, into three treatment groups and one model group (M_G), with 12 mice per group, while another 12 mice were randomly distributed from the 20 mice that did not undergo any of the procedures described above to be the control group (C_G). The treatment groups were treated by gavage with IP6 (IP6_G, 80 mg/kg of weight), INS (INS_G, 80 mg/kg of weight), and IP6 combined with INS (IP6+INS_G, 80 mg/kg of weight, containing IP6 \[80 mg/kg\] and INS \[80 mg/kg\], v:v = 1:1), respectively. The C_G and M_G mice were treated with a volume of normal saline equal to that of each treatment group. Each mouse received 0.2 mL of treatment solution in a maximum of 5 days discontinuously in a week for about 6 weeks.

Tumor Progression and Metastasis Evaluation {#S0002-S2008}
-------------------------------------------

All animals were sacrificed by cervical dislocation 12 hours after the last time of treatment, which lasted for 6 weeks. The number of mice surviving each day before sacrifice was recorded, and the survival percentage was calculated as follows: survival percentage (/day) = number of surviving mice each day in each group/ total number of mice in each group × 100%. The mass of each tumor and liver was measured using an electronic balance (JA5003N:Minqiao Precision instrument Co., Ltd. Shanghai, China). The number of livers with metastasis in each group was recorded, and the liver metastasis percentage was calculated as follows: liver metastasis rate = number of mice with metastasis in each group/total number of mice in each group × 100%. Liver metastasis was analyzed using ImageJ software (Rawak Software, Inc., Stuttgart, Germany). The data are presented as means ± standard deviations (SD).

RNA Extraction {#S0002-S2009}
--------------

Total RNA was extracted from tissues from the control, model, and treatment groups using TRIzol^®^ Reagent, according to the manufacturer's instructions (Invitrogen). We also removed genomic DNA with DNase I (TaKara). The RNA quality was determined using the 2100 Bioanalyser (Agilent). Concentration and purity were quantified using NanoDrop^®^ (NanoDrop Technologies). A high-quality RNA sample (OD260/280 = 1.8--2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, \>10μg) was used to construct the sequencing library.

RNA-Seq Transcriptome Analysis {#S0002-S2010}
------------------------------

The TruSeq^TM^ RNA sample preparation kit from Illumina (San Diego, CA) was used with 5 μg of total RNA. Following that, the RNA-seq transcriptome library was prepared. RNA extraction and library construction and sequencing were performed by Shanghai Mei Ji Biological Co. Ltd., differentially expressed genes between two different samples were identified, and their functions studied. The expression of transcripts was calculated according to the FRKM (the fragments per kilobase of exon per million mapped reads) method. Differential expression analysis of raw counts was performed by the DESeq2 software, using the default parameter p-adjust \<0.05 & \|log2FC\| ≥ 1, the multiple test method BH (FDR correction with Benjamini/Hochberg), and a fold-change \> 1.5. To identify the enrichment of differential expressing genes in GO terms and pathways, the functional-enrichment analyses on GO were also performed.

Real-Time PCR Analysis {#S0002-S2011}
----------------------

A Primer Script RT Reagent Kit and a Bio-Rad c-Mycycler PCR instrument were used to reversibly transcribe total RNA (2 µg). The PCR primer sequences and sizes of the resulting PCR product are shown in [Table 1](#T0001){ref-type="table"}. PCR was operated in a 20-µL reaction volume according to instructions. A two-step PCR cycling protocol was then performed, consisting of a denaturation step at 95°C and a combined annealing/extension step at 60°C. The protocol was useful for primers with a Tm under 60°C. As an internal reference gene, β-actin was needed to standardize the expression of the target gene. The relative levels of gene expression were enumerated using the comparative formula 2^ΔΔCt^. These experiments were replicated in triplicate. The PCR primer sequences and the sizes of the resulting PCR product are shown in [Table 1](#T0001){ref-type="table"}.Table 1RT-PCR Primer Sequences and Product SizesGenesPrimer SequencesProduct Size (bp)*β-Catenin-F*CTCGTGTCCTGTGAAGCCCG172*β-Catenin-R*ATTGTCCACGCAGCGGTGTC*tcf7-F*TCGGGTGTGAGAAGACTGGCAT145*tcf7-R*CTGGCTGATGTCCGCTGGTG*c-Myc-F*CGTTGGAAACCCCGCAGACA176*c-Myc-R*GATATCCTCACTGGGCGCGG*wnt10b-F*AGGTCGAGCAGAGCCAAAGC189*wnt10b-R*AAACTGTCGGGTTCAGCCCC*Actin-F*TGGGAATGGGTCAGAAGGA289*Actin-R*ATTGAGAAAGGGCGTGGC

Western Blot Analysis {#S0002-S2012}
---------------------

A primary tumor tissue sample (50 mg, cecum tissue of the C_G) was cut into small fragments, and the total tissue protein was extracted using RIPA buffer containing phenylmethanesulfonyl fluoride (PMSF). The lytic tissue was centrifuged, and the supernatant was kept at −80°C. Protein concentration was determined using the BCA protein analysis kit. The tissue lysate of each sample was dissociated with 12% SDS-PAGE, and then the membrane protein was transferred to polyvinylidene difluoride membranes. The membranes were sealed in Tris buffer salt water-Tween (TBS-T) containing skim milk powder for 2 hours and incubated overnight with the following primary antibodies: anti-Tcf7 (1:500), anti-Wnt10b (1:1000), anti-c-Myc (1:1000), or anti-β-catenin (1:1000). After re-rinsing, the primary antibody reaction membrane was incubated with the second antibody (1:5000) for 2 hours. Vilber Fusion FX5 and BeyoECL Plus kits were used for chemiluminescent detection of binding antibodies. The bands from Fusion FX5 were measured and quantified using the Vilber FusionCapt Advance software program.

Statistical Analysis {#S0002-S2013}
--------------------

SPSS software for Windows version 22.0 (version 22.0; IBM Corporation, NY, USA) was used to perform all statistical analyses in this study. Student's *t*-test was performed to assess the differences between two groups. One-way ANOVA by the least significant difference method was performed to assess differences among groups. Data are expressed as means and standard deviations. P \<0.05 was considered statistically significant.

Results {#S0003}
=======

Comparison of the Results of Primary Tumor Progression {#S0003-S2001}
------------------------------------------------------

Tumor development of the 100 mice was measured by in vivo bioluminescence imaging method after the orthotopic transplantation operation. Three weeks after the operation, bioluminescence was observed around the location of the cecum in 62 mice ([Figure 1A](#F0001){ref-type="fig"}); including several that were in bad condition or had too low of a body weight. In total, 48 of the 62 tumor-bearing mice were included in the experiment and treated in groups from the day. Tumor development, observed again after 6 weeks of treatment, showed that the fluorescence area of M_G was larger than that of other groups. Fluorescence can be observed at the location around the liver. IP6+INS_G had the smallest fluorescence area ([Figure 1B](#F0001){ref-type="fig"}). The total flux at ROI of each treatment group was less than that of the M_G, whereas IP6+INS_G had the least ROI ([Figure 1C](#F0001){ref-type="fig"}, *P\<*0.05).Figure 1Tumor progression measured using in vivo bioluminescence imaging of different groups. Progression of tumor burden of representative mice was detected after orthotopic injection with 1 × 10^6^ CT-26-fluc cells. (**A**) Detection of tumor progression 3 weeks after orthotopic injection before treatment. (**B**) Detection of tumor progression 6 weeks after treatment. (**C**) Comparison of photons/s of different groups measured 6 weeks after treatment. The photons are shown as mean ± SD. ^a^p \< 0.05 compared to M_G; ^b^p \< 0.05 compared to IP6_G; ^c^p \< 0.05 compared to INS_G; ^d^p \< 0.05 compared to IP6+INS_G.

The experiment ended after 6 weeks of treatment. Five mice (41.67%) in M_G survived until the end. Compared to the M_G, the survival percentages of IP6_G, INS_G, and IP6+INS_G were 75.00%, 83.33%, and 91.67%, respectively ([Table 2](#T0002){ref-type="table"}, *p*\<0.05). The survival of IP6+INS_G was higher than that of IP6_G or INS_G, whereas only the difference between IP6 and the combined group was significant ([Figure 2A](#F0002){ref-type="fig"}).Table 2Deaths and Liver Metastasis in the ExperimentGroup NameTotal MiceDead MiceLiver-Metastasis MiceLiver Metastasis Rate (%)C_G12000M_G127433.33IP6_G123325.00INS_G122216.67IP6+INS_G121216.67 Figure 2Comparison of primary tumor progression of different groups. (**A**) Survival percentage of different groups after the experiment. (**B**) Body weight of different groups during treatment. (**C**) Primary tumor weight of different groups after treatment. Data are presented as the mean ± SD. ^a^*p* \< 0.05 compared to M_G; ^b^*p* \< 0.05 compared to IP6_G; ^c^*p* \< 0.05 compared to INS_G; ^d^*p* \< 0.05 compared to IP6+INS_G. \**p* \< 0.05; \#*p* \>0.05.

The body weight of each mouse was recorded every week during the treatment period. The average weight of each group dropped after a similar increase, with no significant difference. The body weight of M_G decreased sharply after the 3rd week, whereas that of the other treatment groups slowly decreased from the 4th week during the same treatment period. The body weight of M_G and other treatment groups differed significantly from the fourth week during treatment ([Figure 2B](#F0002){ref-type="fig"}).

To further examine the effect of the treatments for inhibiting colorectal cancer in the BALB/c mouse orthotopic transplantation model, all mice in this experiment were sacrificed and dissected for the primary tumor. Each tumor was weighed, and the tumor weight was recorded. The results showed that the primary tumor of each treatment group weighed significantly less than that of M_G (p \< 0.05). The primary tumor of IP6+INS_G weighed significantly less than that of IP6_G or INS_G (p \< 0.05). The tumor weight between IP6_G and INS_G differed non-significantly ([Figure 2C](#F0002){ref-type="fig"}).

Comparison of the Results Regarding Liver Metastasis {#S0003-S2002}
----------------------------------------------------

To discover the effect of different treatments on liver metastasis in this experiment, the liver weight and liver metastasis area of each group were analyzed. All mice in this experiment were sacrificed, and the liver was dissected. The number of livers with metastasis in M_G was higher than that of the other treatment groups ([Table 2](#T0002){ref-type="table"}). Each liver was weighed. Liver weight in M_G was significantly heavier than that in other treatment groups. Moreover, liver in IP6+INS_G had the lightest weight, compared to IP6_G and INS_G, with significance ([Figure 3A](#F0003){ref-type="fig"}).Figure 3Comparison of liver metastasis in different groups. (**A**) Liver weight after treatment in different groups. (**B**) Liver metastasis after treatment in each group (tumor nodules were circled with dotted line). (**C**) Area of liver metastasis after treatment in different groups. Data are presented as mean ± SD. ^a^*p* \< 0.05 compared to M_G; ^b^*p* \< 0.05 compared to IP6_G; ^c^*p* \< 0.05 compared to INS_G; ^d^*p* \< 0.05 compared to IP6+INS_G.

It was discovered that the liver metastasis area of each treatment group was reduced, when compared to that of M_G ([Figure 3B](#F0003){ref-type="fig"}). The liver metastasis area was further calculated and analyzed. The liver metastasis area of IP6, INS, or IP6+INS_G was significantly smaller than that of M_G. In addition, the liver metastasis area of IP6+INS_G was significantly smaller than that of IP6_G or INS_G, whereas the difference observed between IP6_G and INS_G was without statistical significance ([Figure 3C](#F0003){ref-type="fig"}).

Analysis of the RNA-Seq Transcriptome {#S0003-S2003}
-------------------------------------

According to the results shown above, IP6+INS resulted in a better inhibitory effect on colorectal cancer liver metastasis than IP6 or INS alone. To further investigate the inhibitory effect of IP6+INS in our experiment, RNA-seq transcriptome analysis was performed on cecal tissues from C_G and primary tumor tissues from M_G and IP6+INS_G. A total of 469 million raw reads were obtained after the RNA-seq analysis experiment, of which 99.07% were clean reads with a minimum of 98.91% in each group; 94.84% reads on average were mapped to the reference mouse genome. The outcome demonstrated that the sequencing experiment was effective.

The RNA-seq analysis indicated that the gene expression profiles of the three groups were significantly different ([Figure 4A](#F0004){ref-type="fig"}). A total of 11,692 genes were detected to be differently expressed, comparing M_G with C_G, whereas 1065 genes were differently expressed, comparing IP6+INS_G with M_G. The results of the analysis on different expressing genes of three groups two-by-two showed that 921 of the genes differing between M_G and C_G were regulated by IP6+INS_G ([Figure 4B](#F0004){ref-type="fig"}). Among the 921 genes, the expression of several colorectal cancer-related genes, such as Wnt10b, Tcf7, and c-Myc, was significantly downregulated by IP6+INS ([Figure 4C](#F0004){ref-type="fig"}). Wnt10b, Tcf7, and c-Myc play important roles in the Wnt/β-catenin signaling pathway. Furthermore, GO analysis of the 921 differently expressed genes indicated that IP6+INS was involved in several important cancer-related processes, such as "Wnt-protein binding," "cell morphogenesis," and "cell-cell adhesion" ([Figure 4D](#F0004){ref-type="fig"}). Taken together, the RNA-seq transcriptome analysis of C_G, M_G, and IP6+INS_G contributed in illustrating the inhibitory effect of IP6+INS on colorectal cancer with liver metastasis; moreover, it provided clues for further study on the inhibitory effect through the Wnt/β-catenin signaling pathway.Figure 4RNA-seq results regarding the comparison of colonic tissues from C_G and primary tumor tissues from M_G and IP6+INS_G. (**A**) The heatmap of differentially expressed genes in different groups. The gene expression of C_G, M_G, and IP6+INS_G leads to distinct transcriptome profiles. (**B**) Venn diagram of differently expressed genes in different groups. The differently expressed genes regulated by IP6+INS between M_G and C_G. (**C**) Wnt10b, Tcf7, and c-Myc differently expressed according to the RNA-seq results. (**D**) Bar plot of the GO analysis of the differently expressed genes regulated by IP6+INS between M_G and C_G (p \< 0.05).

Analysis of RT-PCR {#S0003-S2004}
------------------

The observations of the RNA-seq analysis were confirmed by RT-PCR analysis for the main genes of Wnt/β-catenin signaling pathway, such as Wnt10b, β-catenin, Tcf7, and c-Myc. The RT-PCR analysis revealed that the mRNA expression levels of Wnt10b, β-catenin, Tcf7, and c-Myc were significantly upregulated in M_G, but significantly downregulated in the IP6+INS_G (*p* \< 0.05) ([Figure 5](#F0005){ref-type="fig"}).Figure 5mRNA expression levels of Wnt10b, β-catenin, Tcf7, and c-Myc as evaluated using qRT-PCR analysis. Data are presented as mean ± SD. ^a^*p* \< 0.05 compared to M_G; ^b^*p* \< 0.05 compared to IP6+INS_G; ^c^*p* \<0.05 compared to C_G.

Analysis of Western Blot {#S0003-S2005}
------------------------

Western blot analysis was performed to confirm the protein expression of Wnt10b, β-catenin, Tcf7, and c-Myc. The analysis revealed a downregulation in IP6+INS_G compared to that in M_G (*p* \< 0.05) ([Figure 6](#F0006){ref-type="fig"}), which was consistent with the findings from the RT-PCR analysis. The expression levels of mRNA and protein collectively suggest that IP6+INS can inhibit colorectal cancer with liver metastasis through the Wnt/β-catenin pathway by inhibiting the expression of genes such as Wnt10b, β-catenin, Tcf7, and c-Myc.Figure 6Protein expression levels of Wnt10b, Tcf7, β-catenin, and c-Myc as evaluated using Western blot analysis. Data are presented as mean ± SD, *p* \< 0.05.

Discussion {#S0004}
==========

In this study, an orthotopic mouse model was established to mimic the approach of colorectal cancer with liver metastasis. On this basis, the inhibitory effect on colorectal tumor growth and liver metastasis in BALB/C mice of IP6, INS, and IP6+INS was observed. The results showed that the three treatment methods significantly inhibited tumor progression by reducing the tumor weight, extending the survival period, and increasing the body weight of mice. Moreover, IP6, INS, and IP6+INS were effective in controlling the liver metastasis area and liver weight, whereas the inhibitory effect on liver metastasis by IP6+INS was better than that by IP6 or INS alone. Further analysis of RNA-seq, RT-PCR, and Western-blot showed that IP6+INS might inhibit liver metastasis of colorectal cancer through Wnt/β-catenin pathway by targeting the genes such as, Wnt10b, β-catenin, Tcf7, and c-Myc.

Metastasis of colorectal cancer is a multi-step process involving epithelial-mesenchymal transformation, apoptosis inhibition, local invasion and cell migration, angiogenesis and vascular infiltration, and exudation to distant organs. For a better understanding of these metastatic processes, it is necessary to establish relevant models to describe the characteristics of tumor spontaneous metastasis. Cecum was the orthotopic site for colorectal cancer and serosa was quite important to the growth, spread, and invasive and metastatic capability in mice.[@CIT0027] In this study, we established an orthotopic mouse model of colorectal cancer with liver metastasis by injecting a colorectal cancer cell line under the serosa of the cecum. This approach mimics the microenvironment of human tumors and provides a realistic level of heterogeneity among tumor cells.[@CIT0028] Furthermore, this approach comprehensively simulates the process of spontaneous metastasis of colorectal cancer from the formation of the primary tumor to the development of liver metastasis.

Liver metastasis of colorectal cancer is a complex process involving multiple pathways and factors, in which genomic instability is an important feature of the development of colorectal cancer.[@CIT0029] Wnt signaling pathway is an important pathway in tumor development. There are many branches of Wnt signaling pathway, among which Wnt/β-catenin is a classic pathway. Wnt/β-catenin signal is found to be activated in many researches on cancer. Wnt/β-catenin pathway is also a key pathway in colorectal cancer development.[@CIT0018] Wnt, Tcf, β-catenin and c-Myc are all important roles in Wnt/ β-catenin signaling pathway. In the Wnt signaling pathway, the Wnt signal cascade reaction is activated by abnormally expressed Wnt in normal colon cells, which promotes the β-catenin to translocate in nuclear.[@CIT0030] β-catenin is inhibited to be phosphorylated by Wnt signal pathway in the tumor microenvironment and would accumulate in the nucleus.[@CIT0031] At this point, β-catenin interacts with transcription factors belonging to T cytokines/lymphoenhancer family (Tcf/Lef) and pushes the genes related to cell proliferation, migration, and embryonic development to express. Tcf is a gene located downstream of β-catenin. The combination of β-catenin and Tcf can mediate Wnt signal,[@CIT0032] it can also activate the transcription of oncogenes such as c-Myc and mediate cell transformation downstream the pathway.[@CIT0033] The activation of β-catenin/Tcf complex is considered a common feature of colorectal cancer cells. The expression of Tcf, β-catenin, and c-Myc is closely related.[@CIT0034] Activating β-catenin can lead to the activation of downstream genes on Wnt/β-catenin, such as Tcf and c-Myc, which may cause excessive proliferation of the tumor cells and promote the cancer to be malignant.

IP6 has broad-spectrum anticancer effect. It can inhibit the development of tumor by inhibiting the activity of tumor cells. In vitro and in vivo experiments have proved that IP6 can trigger the death of cells in many cancer cell lines, including prostate cancer,[@CIT0035] melanoma,[@CIT0036] and colon cancer.[@CIT0011],[@CIT0037] INS is a common component of almost all mammalian and plant cells. It has moderate anticancer effect and can slightly slowdown the proliferation of tumor cells in colon, breast, and lungs.[@CIT0038] However, INS and IP6 can work together to inhibit tumor progression with synergistic effect in vitro and in vivo.[@CIT0039] Our results also found that IP6 and INS could give an anti-tumor effect, either alone or in combination, whereas the combination of IP6+INS worked better in inhibition of the liver metastasis in mice with colorectal cancer.

The secondary phosphorylated forms of IP6 may achieve the better anti-tumor effect of IP6 + INS. IP6 can be hydrolyzed rapidly in body, and then be dissociated into secondary phosphorylated forms.[@CIT0040] It can be hydrolyzed in the intestine into INS and inorganic phosphate by phytase.[@CIT0041] The hydrolyzed INS and inorganic phosphate will then be transported in cells, spread to the whole body and distributed into other organs. The anticancer effect of IP6 can be achieved by not only the molecule itself, but also the combination of IP6 and its secondary phosphorylated forms.[@CIT0042] The number of phosphorylated forms of IP6 is increased when IP6 binds to INS in vivo. Moreover, multiple phosphorylated forms in vivo work synergistically to enhance the effect of IP6.[@CIT0039] Our previous study found in the rat colorectal cancer model that IP6 could inhibit the development of colorectal cancer by affecting the phosphorylation and the degradation of β-catenin.[@CIT0025] It is well known that β-catenin is a key factor of Wnt signaling pathway. β-catenin can be continuously destroyed and the β-catenin/Tcf complex can be degraded when Wnt is inhibited.[@CIT0043]

Our study found that Wnt10b, β-catenin, Tcf7, and c-Myc were differentially expressed between model group and IP6+INS group. Wnt10b (belongs to the Wnt family) is a key regulator in cancer that can activate β-catenin/Tcf complex to promote tumor progression.[@CIT0044],[@CIT0045] Tcf7 is one of the members of the Tcf/lef family. Abnormally expressed high Tcf7 was found in many types of cancer, such as prostate cancer[@CIT0046] and renal cell carcinoma.[@CIT0047] It plays an important role in cancer on Wnt signaling pathway.^48,49^C-Myc is strongly over-expressed in most cases of colorectal cancer.[@CIT0050] The over-expression caused by the mutation of Wnt signaling pathway is a characteristic in almost all colorectal cancers.[@CIT0051] Moreover, many studies have found that Wnt10b, Tcf7, and c-Myc are associated with metastasis cancer. In vitro, it was found that knockout of wnt10b could inhibit the migration of gastric cancer cells[@CIT0052] and prostate cancer cells.[@CIT0053] Some studies have found that knockout of LncTcf7 in colorectal cancer cell lines can interfere in the mutation of Wnt/β-catenin pathway and reduce cell migration and invasion.[@CIT0054],[@CIT0055] Abnormally expressed TCF7 has also been found to promote the metastasis of nasopharyngeal carcinoma and gastric cancer.[@CIT0031],[@CIT0056] Over-expression of c-Myc is considered to be the common basis of tumorigenesis and a marker for metastasis cancer,[@CIT0057]--[@CIT0060] including metastasis of colorectal cancer.[@CIT0061] According to our study, the mRNA and protein expressions of Wnt10b, β-catenin, Tcf7, and c-Myc were found abnormally high in mice with liver metastasis. The result is consistent with that of most studies. After treated with the combination of IP6+INS, the mRNA and protein expressions of the four genes were significantly downregulated. Therefore, we believe that the combination of IP6 and INS may have a synergistic effect in inhibiting liver metastasis of colorectal cancer instead of IP6 or INS alone by affecting the phosphorylation of β-catenin and inhibiting the abnormal expression of Wnt10b, Tcf7, and c-Myc in Wnt/β-catenin pathway.

There are still some limitations in our study. We established an orthotopic mouse model of colorectal cancer in BALB/c mice and studied on the possible mechanism of IP6+INS on inhibiting liver metastasis of colorectal cancer. The molecular mechanism of IP6 or INS alone on liver metastasis was not discussed in this study. A large number of differentially expressed genes were found by RNA-seq. We only discussed several among them in this study. We still have a lot to explore. Therefore, we are trying to design a better study to further understand the potential inhibition mechanisms on colorectal cancer of IP6, INS, and IP6+INS.

Conclusions {#S0005}
===========

Using an orthotopic transplantation mouse model of colorectal cancer with liver metastasis in our experiment, we found that IP6 and INS could inhibit colorectal cancer and liver metastasis, whereas the combination of IP6 and INS was more effective than IP6 or INS alone. The inhibition of colorectal cancer with liver metastasis by IP6+INS may be accomplished via regulation of the Wnt/β-catenin signaling pathway through inhibition of the abnormal expression of Wnt10b, β-catenin, Tcf7, and c-Myc.
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